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ON FRICTION AND WEAR OF METALS TO 1000° F

By Donald H. Buckley and Robert I.. Johnson

SUMMARY

Experiments were conducted in inert, reducing, and oxidizing atmos-
pheres to determine their influence on the friction and wear properties
of various metals. Nitrogen, argon, forming gas (10 volume percent Ho,
90 volume percent N2), and various concentrations of oxygen in nitrogen
were used. A 3/16-inch-radius hemispherical rider under a load of 1000
grams contacted the flat surface of g rotating disk. The surface speed
employed was 35 feet rer minute.

The presence of surface oxides is vitally important to the protec-
tion of metals in sliding contact. Extremely high friction and excessive
wear were encountered in the absence of these oxides. In some instances
(electrolytically pure copper), the removal of the surface oxides resul-
ted in mass welding of the specimens in sliding contact. Extremely small
quantities of oxygen are sufficient to provide protection of metal sur-
faces; for example, with 440-C stainless steel, 0.03 volume percent oxXy-
gen was found to be adequate.

INTRODUCTION

The preséence of oxides on metal surfaces plays a vital role in the
friction and wear properties normally observed for these materials.
These oxide films act as surface contaminants and prevent intimate metal-
lic contact from occurring when metal surfaces are brought together.
Such intimate contact results in strong adhesive forces between the sur-
Taces; and, in many instances, these forces would be sufficient to re-
sult in the mass welding of the metal. The work of various investigators
(refs. 1 to 3) has indicated very high adhesive forces and friction coef-
ficients for pure metals when denuded of surface oxides.

The need for bearing and seal materials to operate in outer space
requires an understanding of what occurs to metal surfaces in the ab-
sence of oxides, because the environment beyond the earth's atmosphere
is essentially devoid of OxXygen and 1s composed principally of nitrogen
and hydrogen at very low pressures (ref. 4). Much work at reduced pres-
sures (Vacuum) is being done to simulate these outer-space conditions



and to determine their effects on the friction and wear properties of
materials (refs. 5 to 7). The problems associated with the conventional
vacuum systems used, however, make space simulation by this simple tech-
nique somewhat difficult (ref. 8). Further, no control of oxygen concen-
tration or measure of oxygen partial pressure was included in the refer-
ence studies.

The control (or prevention) of surface oxide formation can be
achieved by another method, namely, the use of controlled (inert, reduc-
ing, or oxidizing) atmospheres at standard pressure conditions. Although
the possibility of adsorbed gases on metal surfaces exists with inert or
reducing atmospheres, surface oxide formation should not occur. Experi-
mental friction and wear studies in oxygen-deficient and oxygen-free
atmospheres should provide a quantitative basis for selection of bearing
alloys to be used in outer space.

The object of this investigation was to study the friction and wear
properties of various metals in nonreactive atmospheres, reducing atmos-
pheres, and atmospheres with varied amounts of oxygen to establish quanti-
tative threshold values for minimum oxygen concentrations required for
inhibiting metal welding. The gases used were nitrogen, argon, forming
gas (10 volume percent Ho, 90 volume percent No), and blends of various
percentages of oxygen with nitrogen. A very thorough cleaning procedure
was used for the experimental gases.

The test specimens used in this investigation consisted of a 3/16—
inch-radius hemisphere and a 2%—inch—diameter flat disk specimen. The

tip of the rider contacted the flat surface of the disk with a load of
1000 grams (initial Hertz stress for steel of 150,000 psi). The disk

was rotated to obtain a surface speed of 35 feet per minute. Ambient tem-
peratures of 75°, 500°, and 1000° F were used. The metals studied con-
sisted of high-temperature alloys, conventional bearing steel, and elec-
troilytically pure copper. The high-temperature alloys and bearing steel
were selected because they were considered to be representative of mate-
rials used in high-temperature bearing and seal construction or because
they would best show the effects of oxygen. The pure copper was selected
on the basis of the available knowledge on the surface reactions of this
metal.

MATERIALS AND APPARATUS
Materials

The metals used in this investigation and the composition and hard-
ness of each are presented in table I.

AT
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Apparatus

The apparatus used is shown schematically in figure 1(a). The basic
elements of the apparatus consist of a retating-disk specimen (2Lk-in.

diams) and a stationary, hemispherically tipped rider specimen (3/16-in.
rad. ).

The disk specimen is rotated by means of g varidrive motor unit
through a gearbox ang Spindle assembly. The drive shaft enters the
housing of the apparatus through an interlocking labyrinth seal and a
bellows-type face seal. The portion of the drive shaft inside the appa-
ratus housing contains g heat shield and the disk specimen, which is held
on the shaft by a lock nut. The disk Specimens were run at s surface
speed of 35 feet per minute. Since chemical reactions are rate processes,
the low surface speed is favorable for the formation of protective surface
films. Surface film failure occurs most readily at high speeds.

The rider specimen is loaded against the disk surface by means of a
retaining arm, which is gimbal and bellows mounted +o the apparatus
housing. The load is applied to the arm by means of dead weights, Per-
rendicular to the cable is s linkage connecting the arm with a strain-
gage assembly for measuring frictional force.

The test specimens are heated by twelve 650-watt cartridge heaters
located in a sealed Inconel housing that fits around the circumferential
surface of the disk specimen. The heaters are controlled by a Variac
unit and a temperature controller. The controller is Operated by a ther-
mocouple located near the point of disk and rider contact. The apparatus
was operated at temperatures of 75°, 500°, and 1000° F.

The gases used to provide the various atmospheres were supplied by
means of an Inconel tube, at a rate sufficient to provide a positive
pressure to the Inconel test chamber (0. 7-1liter volume) that housed the
Specimens and heater assembly. Prior to each run, a lS5-minute purge
period was employed to expel all gases other than those under investi-
gation.

EXPERIMENTAL, PROCEDURE

The disk and rider specimens used in this study were finish-ground
at 4 to 8 microinches. Before each experiment the disk and rider were
given the same preparatory treatment. This treatment consisted of (1)
& thorough rinsing with acetone to remove oil and grease, (2) polishing

specimens with absolute ethyl alecohol to remove the water. The specimens
were then stored in s dessicator. For each experimental (data) point, a
new set of specimens was used.



The gases used to provide the experimental atmospheres were very
thoroughly cleaned prior to use (fig. 1(b)). The air used in this inves-
tigation was obtained from cylinders. Prior to its admission to the test
chamber the air was dried to remove moisture by passing it through a
series of drying towers: first, a tower containing calcium chloride;
second, a concentrated sulfuric acid tower; and third, a tower containing
magnesium perchlorate suspended in glass wool. The dried air wag then
admitted to the apparatus chamber. This same procedure was used for the
drying of forming gas.

The gases nitrogen and argon were dried in the same manner as air.
However, following the drying cycle, the gases were passed into a Pyrex
tube containing hot copper turnings to remove traces of oxygen normally
present in cylinder gases.

An alternative purification procedure used with nitrogen in some
experimental check runs was to pass the gas through two copper cooling
coils (each coil l/4-in. diam. by 100-ft length) immersed in liquid
nitrogen. The two traps were connected in series. The gas was then
passed through three Pyrex tubes containing hot copper turnings; the
tubes were in series and functioned to remove any oxygen not trapped by
the liquid-nitrogen coils. The experimental results obtained with this
system checked the results obtained with the procedure previously
described. With both systems the oxygen concentration of the inert and
reducing gases was less than 0.0l percent, the lower sensitivity limit
of the oxygen analyzer. The oxygen concentrations in the various gas
atmospheres were monitored in all experiments with the oxygen gas ana-
lyzer.

Although direct comparisons of a gas concentration at atmospheric
pressure and vacuum are difficult because of such factors as mean free
path, preferential pumping in vacuum systems, and surface adsorbed gases,
some concept of oxygen concentration can be achieved by a consideration
of an equivalent vacuum. For example, 0.0l volume percent oxygen con-
centration at atmospheric pressure represents the oxygen available in a
normal atmosphere reduced in pressure to 2.0 millimeters of mercury abso-
lute. At this reduced pressure, however, the mean free molecular path is
greater at low pressures than in a gas at atmospheric pressure, and there-
fore the number of molecular collisions is decreased at low pressures.

The number of oxygen molecules striking the specimen surface in an oxygen-
nitrogen mixture at atmospheric pressure should therefore be less than at
a pressure of 2.0 millimeters of mercury absolute. The number of oxygen
molecules striking the specimen surface per unit time would be near that
encountered at a total pressure of 10-3 millimeter of mercury absolute
(ref. 9).

The apparatus chamber containing the specimens was given various
pretreatments prior to an experiment depending on the particular atmos-
phere employed. When air or forming gas (at 75° F only) was the gaseous
environment, a simple 15-minute purge period with the test gas prior to
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running was used. In those experiments using forming gas conducted at
temperatures of 500° and 1000° F, the forming gas was flowed through the
system during the entire purge, preheating, and test period.

For the experiments in which nitrogen or argon was used, a purge of
the chamber and specimens with forming gas was employed. With copper,
René 41 (nickel-base alloy), Stellite Star J (cobalt-base alloy), and
K162B (nickel-bonded carbides), the specimens were heated to a tempera-
ture of 1000° F for 10 to 15 minutes in forming gas. The specimens were
then cooled down to test temperature in flowing forming gas (for those
experiments conducted at 75° and 500° F). This was followed by a 15-
minute purge with the gas used in the experiment (nitrogen or argon),
and the run then started. For those experiments in which 52100 (iron-
base) and 440-C stainless steel (iron-base) were used, the specimens
were raised to a temperature of 1400° F for 10 minutes in forming gas
prior to the initiation of the experimental gas purge. The room-
temperature hardness of 52100 and 440-C after this 10-minute purge at
1400° F was not appreciably affected because of the short time involved.
The room-temperature superficial hardness for 52100 was Brinell 550 and,
for 440-C, Brinell 480. The reasons for the forming gas purge at ele-
vated temperatures prior to nitrogen or argon experiments were twofold:
first, to remove physically adsorbed gases on metal surfaces by chemical
reaction and, second, to reduce existing metal oxides.

The reaction of the hydrogen present in forming gas with metal
oxides may be expressed by a simple equation:

Zl’lHZ + :MIHOZn -> anzo + Mm

The concentration of hydrogen necessary for the reduction of wvarious
metal oxides can be obtained from the simple thermodynamic relation:

AFyg = -2nRoT log, Ky
where:
AFy  change in free energy of formation per gram mole of MyOo,
n mole concentration
Ro gas constant
T temperature, °K
roducts

K concentration of T=222- for equilibrium conditions

An examination of the concentration ratios [Hg0]/[Hs] at various
temperatures gives some concept of the temperatures needed for the




reduction of various metal oxides by hydrogen. The data for reduction
of some of the oxides of alloying elements used in the specimens of this
investigation were obtained from reference 9 and are presented in figure
2. The oxides of copper, cobalt, and nickel are relatively easlly re-
duced at moderate temperatures by hydrogen. The reduction of iron oxides
1s more difficult to achieve. With chrome oxide at 1200° K, the H20
concentration must be less than 1 part in 7400 of hydrogen in order for
reduction of Crp0z to occur.

In the experiments reported herein, the rider was loaded against
the disk specimen with a 1000-gram load for all metal combinations except
copper. A copper rider specimen under 1000 grams load would result in a
complete wearing away of the rider radius in minutes. A 500-gram load
was therefore used with copper specimens. All the friction and wear data
were oObtained at a surface speed of 35 feet per minute. The duration of
each experiment was normally 1 hour. Some copper experiments were term-
inated after 30 minutes because of excessive wear of the rider specimens.
In those instances where mass welding of the specimens occurred, the ex-
periments were stopped after even shorter periods of time. Wear was
measured as volume loss to the rider specimens, and in some instances
wear to the disk surface was also recorded. X-ray diffraction, electron
diffraction, and microhardness tests were employed to study surface films
and transformations.

RESULTS AND DISCUSSION
Air Atmosphere

Friction and wear experiments were conducted with a conventional
bearing steel 52100, a stainless steel 440-C, Stellite Star J (cobalt-
base alloy), René 41 (nickel-base alloy), and K162B (mixed nickel-bonded
titanium and columbium carbides) in air at temperatures of 75°, 500°,
and 1000° F. The results obtained in these experiments are presented in
figure 3 (which also gives the results obtained in nitrogen, argon, and
forming gas).

The friction coefficient for the ferrous alloys decreased with in-
creasing temperature in air. The wear of 52100 steel increased with
temperature. The wear value obtained at 500° F was seven times the wear
result obtained at room temperature; increasing the ambient temperature
to 1000° F resulted in an additional threefold increase in the wear ob-
tained for 52100 steel. These results with 52100, however, may be ex-
plained in terms of l1loss in hardness for this particular alloy at ele-
vated temperatures. OStellite Star J also exhibited an increase in wear
with an increase in ambient temperature. In general, temperature change
seemed to have very little effect on the wear properties of the other
alloys.

CYeT-H
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Inert Atmosphere

Nitrogen. - Figure 3 presents the friction and wear data for the
same metals in a nitrogen atmosphere. For all the metals investigated,
& marked increase in friction over the results Obtained in air was ob-
served. This increase occurred at all three temperatures: 75°, 500°,
and 1000° F. The increase indicates the effect that oxygen reduction
has on metals in sliding contact. In the absence of surface oxides the
friction coefficients increase rather sharply. The contrast of friction
coefficients obtained in air and nitrogen at 1000° F for 440-C stainless
steel can be seen in figure 4.

There is, however, in a nitrogen atmosphere the possibility of ni-
tride formation with ferrous-base alloys possessing chromium and/or alu-
minum in their structures. The possible formation of nitrides was sus-
pected for 52100 steel sliding on itself. X-ray diffraction, electron
diffraction, and microhardness tests were made to determine whether ni-
trides had formed in the wear areas. With X-ray diffraction, the only
pattern obtained was that of the base metal, which indicated that, if a
film were present, it was too thin to detect by X-ray diffraction. The
next analytical tool employed was electron diffraction. The results ob-
tained indicated in some instances the presence of an amorphous film,
and in others gave a pattern that could not be positively identified with
any available standard. The only indication of nitride formation was
obtained with a microhardness scratch test. Scratches were made across
the wear area of disks run in three atmospheres: vacuum, air, and nitro-
gen. In both vacuum and air environmments a scratch across the entire
wear area was discernible. In nitrogen, however, the scratch disappeared.
in the wear area, which indicated a region of increased hardness. This
hardened area is assumed to be nitrided.

Argon. - Friction and wear experiments were conducted in argon, an
inert atmosphere, and the results obtained are shown in figure 3. Both
friction and wear were higher than encountered in an oxidizing atmosphere.

Reducing Atmosphere

The friction coefficients and wear values Obtained for the various
alloys in forming gas, a reducing atmosphere, are also presented in fig-
ure 3. With René 41 and K162B, the friction and wear values obtained in
forming gas were generally higher than obtained in any of the previously
considered atmospheres. However, for the ferrous alloy 52100 at 1000° F
the maximum friction and wear were obtained in argon. Since forming gas
is 90 percent nitrogen, the possibility of nitride formation with these
alloys again exists. In reference 8 a friction experiment was conducted
with 52100 sliding on 52100 in vacuum. Liquid helium was used for the
cryogenic pumping of the system. Liquid helium will condense all gases
except helium. Under such experimental conditions, where neither oxides



nor nitrides could readily form, a coefficient of friction of 5.0 was ob-
tained for 52100. This high friction was followed by a welding together
of the specimens.

The wear values given in figure 3 were obtained by measuring wear
volume of the rider specimen. In order to determine the relative wear
to the disk specimens, surface profile traces were made across the disk
wear area for 440-C sliding on itself at 1000° F in all four atmospheres.
Typical tracings are reproduced in figure 5. The wear to the disk was
least in air and reached a maximum in forming gas. The center of the
wear track obtained in forming gas shows a "buildup" indicating metal
transfer between rider and disk.

Oxidizing Atmospheres

Since surface oxides play such an important role in the friction and
wear properties normally observed for metals, it was decided to explore
the influence that various percentages of oxygen in the atmosphere would
have on the formation of these oxides. Friction and wear experiments
were therefore conducted with 440-C stainless steel sliding on itself at
759, 500°, and 1000° F in gases with Op concentrations of >0.01 to 21
volume percent. The atmospheres in which the experiments were conducted
consisted of various percents of purified air blended with nitrogen.

The friction and wear results obtained in these experiments with
440-C stainless steel and varying percentages of oxygen in nitrogen are
presented in figure 6. It is interesting to note that, at temperatures
of 500° and 1000° F with an oxygen concentration of 0.03 volume percent,
sufficient surface oxide is formed at the sliding interface to result in
a friction coefficient closely approximating that obtained in air. These
results at first seemed to indicate that the presence of chromium in the
alloy, with its strong affinity for oxygen, accounted for the low oxygen
concentration necessary to obtain protective surface oxides. The same
experiments were therefore repeated at an oxygen concentration of 0.03
volume percent with the slider material changed to 1020 mild steel. The
experiments were run at 1000° F, and the friction coefficient decreased
from O.78 in >0.01 percent oxygen (100 percent nitrogen) to 0.26 in an
atmosphere containing 0.03 volume percent oxygen. These results indicate
that the low friction coefficient in 0.03 volume percent oxygen may be
associated with the formation of the lower iron oxides (FeO and FezOy,
refs. 10 and 11); these results also indicate that iron oxides form at
very low oxygen concentrations. A similar result was obtained with 52100
steel in reference 8, where the ambient pressure was varied. The amount
of oxygen necessary for the formation of protection surface oxides will
vary with sliding velocity. The oxygen concentration will increase with
increased sliding velocities.

CYeT-H
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Friction and wear data, obtained with alloys containing a number of
elemental constituents in an oxidizing atmosphere, may be profoundly in-
fluenced by the presence of minor alloying elements. Though some of
these elements may represent only small percentages of the alloy compo-
sition, their strong affinity for oxygen results in high concentrations
of the oxides of these elements in the alloy surface film. Chromium and
aluminum are good examples of such alloying elements. In order to avoid
this problem, some friction and wear experiments were conducted with
electrolytically pure copper sliding on itself. The surface oxides of
this metal and their influence on friction and wear have been studied
qualitatively (refs. 12, 13, and 14).

Quantitative experiments were conducted in air, nitrogen, argon, and
forming gas using copper as the metal under investigation. The runs were
made at 759, 5009, and 1000° F. The results Obtained are presented in
figure 7. 1In those experiments made in air, the friction coefficient and
wear were found to decrease with increasing temperature. The cupric oxide
(Cu0) nas a very pronounced effect in the reduction of friction and wear
of pure copper. In both argon and nitrogen the friction coefficients ob-
tained for copper at 500° and 1000° F were very much higher than were
obtained in air. At 75° F the friction values for copper in air, argon,
and nitrogen were quite similar. The film of oxide formed on copper in
alr at room temperature is extremely thin (100 X) and probably very eas-

i1ly ruptured, which results in considerable intimate metal-to-metal con-
tact. The wear for copper on copper in argon and nitrogen was generally
higher than that in air. At 1000° F, the wear of the copper rider in
nitrogen and argon was so severe that the radius had completely worn
away.

The experiments conducted with copper in forming gas (fig. 7) gave
extremely high friction and wear. The friction and wear increased with
increase in ambient temperature. At 75° F the friction coefficient for
copper sliding on copper was approximately 2.0, while at 1000° F the
friction was extremely high (>11.0) and mass welding of the specimens
occurred (fig. 7). Figure 8 shows the rider specimen with its interface
welded solidly to the disk specimen after disassembly. Under such con-
ditions shearing of these welds during sliding resulted in friction coef-
ficients of 11.0 repeatedly being measured, and momentary values as high
as 18.0 werz recorded.

The copper surfaces were so responsive to changes in atmosphere that
alternate forming gas - air experiments were made. During these experi-
ments the atmosphere was changed from forming gas to air during the
course of a run, with the coefficient of friction changing from 11.0 in
forming gas to 0.5 in air; these results were reversible.

The marked differences in wear of copper surfaces with and without
the benefit of oxides can be seen in figure 9. The photographs indicate
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the reduction in wear where surface protection is afforded by the oxides
of copper.

The welding of materials in the absence of oxygen can be accom-
plished with metals other than copper. Friction experiments conducted
with aluminum and silver in forming gas at 1000° F resulted in the weld-
ing of the metals. Friction coefficients as high as 10.0 were also ob-
tained in an earlier investigation with nickel sliding on nickel in form-
ing gas (ref. 15).

Oxygen concentration experiments were made at 1000° F with copper
to determine the quantity of oxygen necessary to provide adequate pro-
tective surface films. Various percentages of oxygen were blended with
both argon and nitrogen. The results obtained in these experiments are
presented in figure 10. With the oxygen-nitrogen mixtures, an oxygen
concentration of about 2.2 volume percent was necessary to obtain fric-
tion coefficients similar to that obtained in air. When oxygen was
blended with argon, an oxygen concentration of <1.0 volume percent was
necessary to obtain the same result. The difference in oxygen require-
ment may be due to the possible formation of oxygen-nitrogen compounds
(e.g., NO, N5O, and NOo) when oxygen is blended with nitrogen. The form-
ation of such gaseous compounds would reduce the amount of oxygen avail-
able to react with the copper surfaces. In addition, the intermolecular
collisions in gases inhibit the number of active gas molecules striking -
a metal surface. These inter-gas molecular collisions will depend on
the velocity of the gas molecules. The argon gas atom moves at a much
slower velocity than the nitrogen and can therefore be expected to under-
go fewer collisions with oxygen molecules. As a result, a greater number
of oxygen molecules can be expected to strike the metal surface (speci-
men) in the oxygen-argon system. Changing the sliding velocity can be
expected to alter the oxygen concentration necessary to form the protec-
tive surface oxides.

CYST-E

SUMMARY OF RESULTS

The experimental results obtained in this study of the influence of
inert, reducing, and oxidizing atmospheres on the friction and wear prop-
erties of materials are summarized as follows:

1. Friction and wear properties of metals and bearing alloys are
extremely sensitive to oxygen availability. The minimum oxygen concen-
trations required for formation of protective surface films varies with
different metals and should be increased by greater sliding velocities.
The formation of a protective surface oxide for 440-C stainless steel at
1000° F can be accomplished with as little as 0.03 volume percent Oop, -
while copper requires about 2.2 volume percent at the same temperaturs.
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The required oxygen concentrations for the formation of these protective
surface oxides vary also with other constituents of the atmosphere (<1.0
volume percent Oz in argon at 1000° F).

2. With 52100, lower friction was Oobtained in nitrogen than in argon.
This may be attributed to the formation of nitrides.

3. Pure metals such as copper, silver, aluminum, and nickel weld
readily at 1000° F in inert and reducing atmospheres.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 17, 1961
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(a) High-temperature friction apparatus.

Figure 1. - Experimental setup.
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(b) In forming gas for a duration of 30 minutes.

Figure 9. - Rider wear areas of copper at 10000 F.
veloclty, 35 feet per minute; load, 500 grams.
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